Abstract: Ciguatera fish poisoning (CFP) is caused by toxins originating from an epiphytic/benthic dinoflagellate of the genus Gambierdiscus. In Japan, CFP cases have been increasingly reported not only in subtropical areas but also in temperate areas. It is therefore important to study Gambierdiscus cell occurrences, cell densities, and population dynamics to address CFP outbreaks in Japan. This study assessed the densities in Japanese shallow waters (0.1-3 m depths) and revealed that the densities were lower than those in tropical and subtropical areas worldwide. In the shallow waters of Tosa Bay, a Japanese temperate area, population dynamics of Gambierdiscus cells were assessed monthly between 2007 and 2013. Gambierdiscus did not show substrate preferences for macroalgal species. The cell densities in the area ranged from 0 to 232.2 cells g −1 wet weight algae. The average cell densities in spring, summer, autumn, and winter were 0.1±0.4, 0.9±2.6, 4.0±20.6, and 0.4±1.4 cells g −1 wet weight algae, respectively. The cell densities in summer and autumn were not significantly different (p>0.05), whereas those in summer and autumn were significantly higher than those in spring and winter (p<0.01). A significant positive correlation between cell densities and sea surface temperatures (SSTs) was observed (r s =0.21, p<0.001), while a significant negative correlation between cell densities and salinity was recognized (r s =−0.18, p<0.001). These results suggest that cell densities of Gambierdiscus in Japanese temperate shallow waters increase in summer and autumn when the SST is high and salinity is moderately low.
Introduction
Ciguatera fish poisoning (CFP) is a worldwide seafoodborne illness, and as many as 10,000-50,000 individuals are affected annually (Bruslé 1997) . Fleming et al. (1998) reported that the estimated number of poisonings is 50,000-500,000 per year worldwide. In Japan, CFP cases have been increasingly reported not only in subtropical areas but also in temperate areas, indicating serious threats to human health (Taniyama 2008 , Ishikawa & Kurashima 2010 , 2011 , Toda et al. 2012 , Yogi et al. 2013 . Between 1989 and 2010, 8 and 70 CFP cases were reported in temperate and subtropical areas in Japan, respectively (Toda et al. 2012 ).
There is growing concern that increasing sea surface temperatures (SSTs), associated with climate change, could increase CFP incidences (Llewellyn 2010 , Kibler et al. 2015 . Consequently, there is a possibility that the number of CFP cases will increase in temperate areas (Caillaud et al. 2010 , Oshiro 2010 . The coastal area of Kochi (located in Tosa Bay, southwestern Japan, North Pacific Ocean) is affected by the Kuroshio Current, which constantly supplies warm subtropical water (Tanaka et al. 2012) . The rate by which annual SSTs have increased in this coastal area over the past 100 years (between 1900 and 2000) has been higher than that for the global ocean (Japan Meteorological Agency 2011). It is therefore thought to be important to monitor SSTs in this coastal area when considering future CFP outbreaks in temperate areas of Japan.
The causative agents of CFP appear to be an epiphytic/ benthic dinoflagellates of the genus Gambierdiscus Adachi & Fukuyo (Adachi & Fukuyo 1979) , which produces two major toxin groups: ciguatoxins (CTXs) and maitotoxins (MTXs) (Yasumoto et al. 1977 , Yokoyama et al. 1988 , Murata et al. 1990 ). Currently, Gambierdiscus species/ phylotypes with assessed toxicities have been revealed to be toxic (e.g., Chinain et al. 2010 , Nishimura et al. 2013 , Xu et al. 2014 , Kretzschmar et al. 2017 , Pisapia et al. 2017a , 2017b , Rhodes et al. 2017 , excluding the phylotype Gambierdiscus sp. type 2, which was thought to be nontoxic (Nishimura et al. 2013) . Therefore, to address CFP outbreaks, it is important to assess Gambierdiscus cell densities and population dynamics around coastal areas. The most common substrate colonized by Gambierdiscus cells is macroalgae (see the review by Litaker et al. 2010) . While many attempts have been made to reveal occurrences of the Gambierdiscus spp. cells attached to macroalgae around tropical and subtropical coastal areas (see the review by Litaker et al. 2010) , those around temperate coastal areas are limited: occurrences have been reported in Japanese coastal areas (Hara & Horiguchi 1982 , Ishikawa & Kurashima 2010 , Kuno et al. 2010 , Hatayama et al. 2011 , Nishimura et al. 2013 ; Jeju Island, Korea (Kim et al. 2011 , Jeong et al. 2012 , Shah et al. 2013a , 2013b ; New South Wales, Australia (Kohli et al. 2014) ; Crete Island, Greece (Aligizaki & Nikolaidis 2008) ; and the Canary Islands, Spain (Fraga et al. 2011 , Fraga & Rodríguez 2014 , Rodríguez et al. 2017 . In terms of studies in Japanese coastal areas, Gambierdiscus spp. occurrences have also been reported in subtropical areas (Nakajima et al. 1981 , Yasumoto et al. 1987 , Koike et al. 1991 , Kuno et al. 2010 , Nishimura et al. 2013 . Among these studies in temperate and subtropical coastal areas of Japan, Gambierdiscus cell densities have been reported in temperate areas (Ishikawa & Kurashima 2010 , Hatayama et al. 2011 ) and in subtropical areas (Koike et al. 1991) . The highest density in Japanese temperate areas was 11.5 cells g −1 wet weight algae at Wakasa Bay, Kyoto (Hatayama et al. 2011) , and that in Japanese subtropical areas was 51.0 cells g −1 wet weight algae at Aka-jima Island, Okinawa (Koike et al. 1991) . Since these studies were conducted with only a few samplings, the details of Gambierdiscus cell densities and population dynamics around Japanese coastal areas have not yet been reported. In this study, Gambierdiscus cell densities were assessed in Japanese coastal areas, including subboreal, temperate, and subtropical areas. Three sampling stations at Kochi in Tosa Bay were chosen as model sampling stations for assessing the seasonal population dynamics of Gambierdiscus cells over the long term, as it has been reported that the rate of increasing annual SSTs in the coastal area is higher than that in the global ocean (Japan Meteorological Agency 2011). Finally, environmental parameters that could affect Gambierdiscus cell densities and seasonal population dynamics were examined.
Materials and Methods

Sampling and measurement of environmental parameters
Samplings were conducted at a total of 67 sampling stations. The number of sampling stations in each climate zone was 2, 47, and 18 stations from the subboreal (region A), temperate (regions B, C, and D), and subtropical areas (regions E, F, and G), respectively (Fig. 1) . To assess Gambierdiscus cell densities in Japanese coastal areas, one to eight macroalgal samples were collected gently, avoiding the detachment of microalgal cells from macroalgal samples, into a 500-mL or 1,000-mL plastic bottle with ambient seawater by hand or by snorkeling in shallow waters (0.1-3 m depths) from each of 67 sampling stations between 2007 and 2013 (Fig. 1) . The details including station abbreviation, latitude and longitude of each sampling station have been described in a previous study (Table S4 in Nishimura et al. 2013) . Since the macroalgal compositions showed seasonal changes and varied among stations in Japanese coastal areas, the macroalgal species that were predominant at each sampling stations at each sampling time were collected. The number of sampling times at each of the 67 sampling stations, excluding the three stations described below, was one to five, mainly occurring in spring, summer, and autumn.
Among the 67 sampling stations, three stations in Tosa Bay, a temperate coastal area of Japan [Muroto Promontory, Tei Promontory, and Kutsu, indicated in region C of Fig. 1 by black squares labeled M (33°15′11″N, 134°10′55″E), T (33°31′09 N, 133°45′20 E), and S (33°23′38 N, 133°20′29 E), respectively], were selected as sampling stations for assessing the seasonal population dynamics of Gambierdiscus cells. Sampling stations M and S are located in a rocky subtidal zone, whereas sampling station T is located in a rocky intertidal zone. Samplings were conducted monthly by snorkeling at stations M and S and by hand at a small space in which seawater passes even at the lowest tide at station T. To assess the presence of Gambierdiscus cells in the water column, 1,000 mL of ambient seawater sample was collected into a 1,000-mL plastic bottle. To assess the Gambierdiscus cell density in macroalgal samples, three or four macroalgal samples were collected at each of the three stations as described above. SST and salinity were assessed using a portable EC/pH meter WM-22EP (TOA-DKK, Tokyo, Japan) at the three stations.
Calculation of the cell density of Gambierdiscus cells
In the laboratory, to prepare microalgal fractions, plastic bottles containing the macroalgal samples were vigorously shaken approximately 200 times for approximately 30 seconds to dislodge microalgal cells attached to the samples, and the resultant suspension was sieved twice, first through a 150 µm mesh and then through a 20 or 10 µm Nitex mesh. Approximately 200 mL of GF/F filtered seawater was added to the plastic bottles, and the treatment (Table  4 in Nishimura et al. 2016). described above was repeated several times until the resultant suspension became clear. The microalgal fractions retained on the second mesh filter were resuspended in 10 mL of filtered seawater, and the suspension was poured into a 15-mL centrifuge tube (Asahi Glass, Tokyo, Japan). Each microalgal fraction was then placed in a 6-well flatbottom microplate (Asahi Glass, Tokyo, Japan) in triplicate. Cells of Gambierdiscus in each triplicate well were counted under an inverted microscope IX-70 (Olympus, Tokyo, Japan), and the values were averaged. In this study, Gambierdiscus cells were only identified at the genus level since the morphological identification of Gambierdiscus species is very difficult by observation under a light microscope (Vandersea et al. 2012) . The wet weight of macroalgal samples was measured and used to calculate the Gambierdiscus cell density in each macroalgal sample [cells g 
Analyses of the Gambierdiscus occurrence ratio and Gambierdiscus cell density estimates
Gambierdiscus occurrence ratios (%) were calculated from the number of macroalgal samples in which Gambierdiscus cells were observed divided by the number of total macroalgal samples. Furthermore, Gambierdiscus cell density estimates (%) in each climate zone were also calculated from the number of macroalgal samples that belonged to each density section (shown below) divided by the total number of macroalgal samples. The densities were sorted into five sections mainly according to the Gambierdiscus cell density estimate analysis reported by : 0, >0 to <1, 1 to <10, 10 to <100, and 100 to <1,000 cells of Gambierdiscus g −1 ww algae.
Comparison of the densities of Gambierdiscus cells attached to macroalgal species in a temperate coastal area in Japan
To compare the densities of Gambierdiscus cells attached to macroalgal species, the cell density of each macroalgal sample that was collected monthly from the three sampling stations in Tosa Bay was assessed by statistical analyses using Ekuseru-Toukei 2012 software (SSRI, Tokyo, Japan). Non-parametric analyses were performed on all of the data sets since they did not show a normal distribution: the Kruskal-Wallis test and the Steel-Dwass test were conducted.
Seasonal population dynamics of Gambierdiscus cells and environmental parameters in a temperate coastal area in Japan
To reveal the seasonal population dynamics of Gambierdiscus cells, the cell densities and SSTs assessed monthly from the three sampling stations in Tosa Bay, a temperate coastal area in Japan, were plotted as a bar graph. Nonparametric analyses were performed on all data sets as shown below since the cell densities, SSTs, and salinities at the three sampling stations did not show a normal distribution. To assess differences among Gambierdiscus cell densities in four seasonal sections (spring: Mar.-May, summer: June-Aug., autumn: Sept.-Nov., and winter: Dec.-Feb.), the Kruskal-Wallis test and the Steel-Dwass test were conducted. Furthermore, to reveal relationships among SST, salinity, and Gambierdiscus cell density, Spearman s rank correlation coefficient was calculated. To assess differences among Gambierdiscus cell densities in four ranges of SST (11 to <17, 17 to <22, 22 to <27, and 27 to 32°C) and among those in three salinity ranges (<30, 30 to <33, and 33 to 35), the Kruskal-Wallis test and the Steel-Dwass test were conducted.
Results
Gambierdiscus cell densities in coastal areas of Japan
A total of 847 macroalgal samples were collected from shallow waters (0.1-3 m depths) of Japanese coastal areas between 2007 and 2013 (Table 1) . Among these samples, 24, 765, and 58 macroalgal samples were collected from the subboreal (region A), temperate (regions B, C, and D), and subtropical areas (regions E, F, and G), respectively (Table 1 and Fig. 1 ). Gambierdiscus cells were not observed in the samples collected from the subboreal area, whereas they were observed in samples collected from temperate and subtropical areas (Fig. 1) . In terms of the Gambierdiscus occurrence ratio in each climate zone, the ratio in subtropical areas (48.3%) was larger than that in temperate areas (22.6%) ( Table 1 ). The maximum Gambierdiscus cell density in temperate areas was 232.2 cells g −1 ww algae (Table 1) at Kutsu, Kochi [station S (33°23′38 N, 133°20′29 E) in region C in Fig. 1 ], on Nov. 16, 2011, and that in subtropical areas was 11.4 cells g −1
ww algae (Table 1) at Touzato, Ishigaki-jima Island, Okinawa [station ISC (24°26′40 N, 124°15′27 E) in region G in Fig. 1 ], on Sept. 10, 2011. The average Gambierdiscus cell densities in temperate and subtropical areas were 1.4±10.2 and 1.2±2.3 cells g −1 ww algae, respectively (Table 1) .
In terms of Gambierdiscus cell density estimates at all sampling stations in Japan, samples with 0, >0 to <1, 1 to <10, 10 to <100, and 100 to <1,000 cells g −1 ww algae composed 76.3, 11.9, 9.0, 2.7, and 0.1% of the samples, respectively [number of macroalgal samples (n)=847, Table  1 and Fig. 2A ]. No Gambierdiscus cells were observed in the subboreal area (n=24 , Table 1 and Fig. 2B ). In temperate areas, samples with 0, >0 to <1, 1 to <10, 10 to <100, and 100 to <1,000 cells g −1 ww algae composed 77.4, 11.7, 8.0, 2.9, and 0.1% of the samples, respectively (n=765 ,  Table 1 and Fig. 2C ). By contrast, in subtropical areas, samples with 0, >0 to <1, 1 to <10, 10 to <100, and 100 to <1,000 cells g −1 ww algae composed 51.7, 20.7, 25.9, 1.7, and 0% of the samples, respectively (n=58 , Table 1 and Fig. 2D ). Consequently, the density estimate in the second and third sections (>0 to <10 cells g −1 ww algae) (sum calculated from those with stippled and gray bars in Fig. 2 ) of subtropical areas (46.6%) ( Table 1 and Fig. 2D ) was higher than that of temperate areas (19.7%) ( Table 1 and Fig. 2C ).
Gambierdiscus cell densities in seawater samples and those attached to macroalgal species in a temperate coastal area in Japan
Densities of Gambierdiscus cells in seawater samples and those attached to macroalgal species at the three sampling stations in Tosa Bay (stations M, T, and S in region C in Fig. 1 ) were investigated monthly between 2007 and 2013. A total of 195 seawater samples were collected from the three sampling stations: 62, 69, and 64 samples were collected from stations M, T, and S, respectively. Gambier- (Table 2) . Gambierdiscus cells were observed at all the stations (Fig. 3) . The Gambierdiscus occurrence ratio for the six macroalgal species ranged from 16.7 to 36.4%, and the average value was 26.8% (Table 2 ). Significant differences were not observed among the densities on the six macroalgal species (Kruskal-Wallis test Steel-Dwass test, p>0.05).
Seasonal population dynamics of Gambierdiscus cells and environmental parameters in a temperate coastal area of Japan
Gambierdiscus cell densities, SST, and salinity at three sampling stations in Tosa Bay (stations M, T, and S in region C in Fig. 1 ) were investigated monthly between 2007 and 2013. Gambierdiscus cell densities ranged from 0 to 232.2 cells g −1 ww algae (Table 1 and Fig. 3 ), and the average value was 1.5±11.0 cells g −1 ww algae (Table 1 ). SSTs ranged from 11.7 to 31.8°C (Fig. 3) , and the average value was 22.7±4.8°C. Salinity ranged from 21.9 to 34.4 (Fig. 3) , and the average value was 32.0±1.5. ww algae, respectively (Fig. 4) . The ranges of cell densities assessed in spring, summer, autumn, and winter were 0-2.9, 0-15.4, 0-232.2, and 0-12.7 cells g −1 ww algae, respectively. Gambierdiscus cell densities were not significantly different (Steel-Dwass test, p>0.05) between summer and autumn, whereas those in summer and autumn were significantly higher than those in spring and winter (Steel-Dwass test, p<0.01) (Fig. 4) 
Relationship between Gambierdiscus cell densities and environmental parameters
To reveal the relationships between SST and salinity, a correlation analysis was conducted. The correlation analysis showed a significant negative correlation between SST and salinity (Spearman s rank correlation coefficient, 
=0.28).
These results indicated that summer was characterized by high SSTs and low salinities, whereas winter had low SSTs and high salinities.
To reveal relationships between the Gambierdiscus cell densities and environmental parameters (SST and salinity), correlation analyses were conducted. The correlation analyses showed a significant correlation between Gambierdiscus cell density and SST (Spearman s rank correlation coefficient, r s =0.21, n=591, p<0.001) and a significant negative correlation between the Gambierdiscus cell density and salinity (Spearman s rank correlation coefficient, r s =−0.18, n=579, p<0.001) ( Table 3 ). The trend of Gambierdiscus cell density versus SST showed that high cell densities were observed mainly between 22°C and 32°C, especially between 22°C and 27°C. The trend of Gambierdiscus cell density versus salinity showed that high cell densities were mainly observed between values of 30 and 33, especially at approximately 32.
To determine the relationship between the Gambierdiscus cell density and SST, the SST values were divided into four ranges: 11 to <17, 17 to <22, 22 to <27, and 27 to 32°C (Fig. 5A) . A significant difference was obtained among Gambierdiscus cell densities in each SST range (Kruskal-Wallis test, p<0.001): the average Gambierdiscus densities assessed were 0.1±0.5, 0.2±1.1, 3.5±19.4, and 1.1±2.7 cells g −1 ww algae in the temperature ranges of 11 to <17, 17 to <22, 22 to <27, and 27 to 32°C, respectively. The Gambierdiscus cell density in the SST range of 22 to <27 was not significantly different from that in the range of 27 to 32°C (Steel-Dwass test, p>0.05), whereas those in the range from 22 to <27 and 27 to 32°C were significantly higher than those in the range from 11 to <17 and 17 to <22°C (Steel-Dwass test, p<0.01 or p<0.05) (Fig. 5A) .
To determine the relationship between the Gambierdiscus cell density and salinity, salinity values were divided into three ranges: <30, 30 to <33, and 33 to 35 (Fig. 5B) (Fig. 5B) . As a consequence, Gambierdiscus cell densities were higher at high SSTs and in the presence of the moderately low salinity in Tosa Bay.
Discussion
This is the first study to report Gambierdiscus cell densities in Japanese subboreal, temperate, and subtropical coastal shallow waters (0.1-3 m depths) and the seasonal population dynamics in Japanese temperate coastal shallow waters (0.1-3 m depths) over a long time period (seven years: 2007-2013) .
In terms of Gambierdiscus cell densities in Japanese temperate areas, two previous studies of the average densities have been published. In these studies, an average of 1.0 cells g −1 ww algae (Ishikawa & Kurashima 2010) and an average of 0.9 cells g −1 ww algae (Hatayama et al. 2011) were reported. The average cell density in temperate areas in the present study (1.4 cells g −1 ww algae) was slightly higher than those reported previously in the examined areas (Ishikawa & Kurashima 2010 , Hatayama et al. 2011 ). In contrast, the highest density in the areas examined in the present study (232.2 cells g −1 ww algae) was approximately 20 times higher than the highest density reported previously in temperate areas (11.5 cells g −1 ww algae) (Hatayama et al. 2011 ). This difference is thought to be caused by the difference in sampling periods. While the previous report surveyed the densities for two days, the present study surveyed the cell densities for seven years and could therefore detect the rare occurrence of the highest cell density value in the area. In terms of Gambierdiscus cell densities in Japanese subtropical areas, Koike et al. (1991) reported an average of 6.7 cells g −1 ww algae and a maximum cell density of 51.0 cells g −1 ww algae. In contrast, the average (1.2 cells g −1 ww algae) and highest (11.4 cells g −1 ww algae) cell densities in the subtropical areas examined in the present study were both approximately one-fifth lower than those in the previous report. This difference is thought to have been caused by the difference in sampling timing. The previous report might have observed a rare moderately high cell density in the area. In this study, the average cell density in temperate areas (1.4 cells g −1 ww algae) was slightly higher than that in subtropical areas (1.2 cells g −1 ww algae). Conversely, the Gambierdiscus occurrence ratio in subtropical areas (48.3%) was approximately two times higher than that in temperate areas (22.6%) (Table 1) . Furthermore, Gambierdiscus cell density estimates in the density section containing 1 to <10 cells g −1 ww algae in subtropical areas (25.9%) were approximately three times higher than those in temperate areas (8.0%) ( Table 1) . These results suggest that the slightly higher average cell densities observed in temperate areas are due to an increase in the average density in the area, caused by the occurrence of the highest cell density recorded in the area, as reported in this study. The average density, excluding the highest cell density recorded in the temperate area (232.2 cells g −1 ww algae), was 1.1±5.8 cells g −1 ww algae, which was slightly lower than that recorded in the Japanese subtropical area in this study. In this study, statistical analyses were also conducted with all of the data sets, excluding the highest cell density value, and the results were consistent with the results obtained for the data sets including the highest cell density value (data not shown).
In terms of the cell densities of Gambierdiscus in temperate areas worldwide, Kim et al. (2011) assessed the densities at Jeju Island, Korea, for two days and reported that the cells were present in almost all samples and that the highest cell density was 4,871 cells g −1 ww algae. By contrast, Shah et al. (2013a) also surveyed the cell densities in Jeju Island monthly for a year and observed cells at only one of the six stations. The average cell density at the station was 7.351±16.36 cells g −1 ww algae (Shah et al. 2013a) . Compared with these reports, the trend observed for the cell densities in Japanese temperate areas during the long time period in the present study was similar to that reported by Shah et al. (2013a the cells were present in all samples and that the cell densities were 10 3 cells g −1 ww algae in more than half of the samples (Kohli et al. 2014) . Why the reported cell densities vary so greatly depending on the sampling region or researchers is unknown. In future experiments, it would be desirable to reveal trends in the presence of Gambierdiscus cells by monitoring the cells at various sites in temperate areas worldwide over a long period. Previously, Litaker et al. (2010) reported a comparison of Gambierdiscus cell density estimates (%) that were calculated from the average density data reported in 46 previous papers that surveyed tropical and subtropical coastal areas of the Atlantic and Pacific. Their results revealed that the density section of 0 to <1,000 cells g −1 ww algae accounted for >85% of the total estimates . Within this density section, the density section with 0 to <10 cells g −1 ww algae consisted of approximately 33% of the total estimates (approximate value read from the bar graph values shown in Fig. 3 in Litaker et al. 2010) .
In terms of the Gambierdiscus cell density estimates in the Japanese temperate areas analyzed in the present study, the density section ranging from 0 to <1,000 cells g −1 ww algae accounted for 100% of the total estimates. Additionally, the density section ranging from 0 to <10 g −1 ww algae consisted of 97.1% of the total estimates in the areas (Table  1) . Considering these results, the cell density estimate of Japanese Gambierdiscus in temperate areas in this density section (0 to <10 cells g −1 ww algae) was higher than that estimated in the entirety of tropical and subtropical coastal areas of the Atlantic and Pacific . This trend in cell density estimates in Japan may be one reason for the lower CFP incidence rates in Japan than in tropical and subtropical areas worldwide, as mentioned below. Several studies have noted that there may be positive relationships between Gambierdiscus cell densities and CFP incidence rates (e.g., Litaker et al. 2010 ). Recently, estimated global incidence rates of CFP were reviewed (Friedman et al. 2017) . In their article, the estimated incidence rates of CFP in French Polynesia, a tropical area in the Pacific where high Gambierdiscus cell densities have been reported (as shown above), were high (Friedman et al. 2017) : 10-251 incidences per 10,000 personyear in four archipelagos (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (Chateau-Degat et al. 2007 ). Radke et al. (2015) reported estimated incidence rates of CFP in Florida, USA, which includes tropical and subtropical areas in the Atlantic, of 0-8.4 incidences per 10,000 person-year in 67 counties (2007) (2008) (2009) (2010) (2011) . By contrast, the estimated incidence rates of CFP in Okinawa, Japan, a subtropical area in the Pacific, were 0.024 incidences per 10,000 person-year (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (Oshiro 2010) . Consequently, the low estimated incidence rate of CFP in Japan may be due to the associated low cell densities of Gambierdiscus.
In terms of the substrate preferences of Gambierdiscus, previous surveys have revealed no consistent preference of Gambierdiscus for particular macroalgal species in tropical and subtropical coastal areas of the Atlantic and Pacific (see review of Litaker et al. 2010) . In Japanese temperate coastal areas, two previous surveys also reported no preferences of Gambierdiscus for various macroalgal species (phaeophytes and rhodophytes) (Ishikawa & Kurashima 2010 , Hatayama et al. 2011 . The present study also demonstrated that Gambierdiscus did not show substrate preferences for any major macroalgal species (phaeophytes and rhodophytes) in the area. Consequently, in the present study, differences in macroalgal species as a substrate for Gambierdiscus were not regarded as a factor underlying the varying abundance and dynamics of Gambierdiscus cells in Japanese temperate areas.
Previously, population dynamics of Gambierdiscus cells have mainly been surveyed in tropical and subtropical coastal areas worldwide. Chinain et al. (1999) assessed the dynamics of Gambierdiscus in Tahiti Island, French Polynesia, a tropical area of the Pacific, and reported that the populations tended to reach a maximum abundance at the beginning and end of the hot season. Similarly, Parsons et al. (2010) documented a peak in Gambierdiscus abundance in the summer season in Hawaii, USA, a tropical area of the Pacific. In terms of surveying the population dynamics of Gambierdiscus in temperate areas, Shah et al. (2013a) surveyed them in Jeju Island, Korea, the Pacific, for one year and reported cell occurrences in autumn. The present study revealed clear seasonal population dynamics of Gambierdiscus in Japanese temperate coastal areas: the cell densities in summer and autumn were significantly higher than those in spring and winter. These results suggest that the variable environmental parameters described below, such as SST and salinity observed in summer and autumn, might induce the proliferation of Gambierdiscus.
Previously, environmental parameters such as SST, salinity, light intensity, and nutrients have been surveyed and thought to be possible key factors leading to Gambierdiscus blooms (Parsons et al. 2010 , Kibler et al. 2015 , Xu et al. 2016 . Among these environmental factors, SST has been cited as a key factor in blooming because high Gambierdiscus cell densities have been reported in tropical and subtropical areas , Parsons et al. 2012 , Kibler et al. 2015 . In terms of SST in tropical areas where high Gambierdiscus cell densities have been reported, Chateau-Degat et al. (2005) reported monthly SSTs in Tahiti Island, French Polynesia: monthly SSTs ranged from 26.0 to 30.3°C and were 27.7°C on average (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) . At Carysfort, Florida Keys, Florida, USA, SSTs ranged from 23.4 to 30.1°C and were 26.5°C on average (1991-2012) (Kuffner et al. 2015) . By contrast, the SSTs at Motobu, Okinawa, a subtropical area of Japan, ranged from 20.0 to 29.1°C and were 24.5°C on average (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) (monthly SSTs were calculated from daily SST data reported by the Japan Oceanographic Data Center in the present study: http://www.jodc.go.jp/jodcweb/index_ j.html). Among the three regions, the minimum and average SSTs for Okinawa, Japan, were lower than those for Tahiti Island and Florida, whereas the maximum SSTs were similar. These findings may explain the low cell density in Okinawa and the high cell densities in the tropical regions, which is supported by studies indicating that the cell densities tend to be greatest in areas where SSTs are high and relatively stable throughout the year, and thus, the lower winter SSTs may limit increasing densities , Kibler et al. 2015 . In the present study, SSTs ranged from 11.7 to 31.8°C over seven years in Japanese temperate coastal areas, and a significant positive correlation was found between the cell densities and SSTs in this area: the densities increased in summer and autumn, when SSTs are high. Therefore, SST seems to be a key factor controlling Gambierdiscus blooms in these areas. Considering these findings, it is important not only to assess Gambierdiscus cell densities but also to monitor SST for long periods of time, especially in the winter season, to predict the presence of CFP in Japanese coastal waters.
In terms of the relationship between Gambierdiscus cell densities and salinity, few reports have described the relationship in tropical areas of the Pacific. In Tahiti Island, French Polynesia, where high Gambierdiscus cell densities have been reported as noted above, Chinain et al. (1999) revealed that the salinity ranged from 34.3 to 36.1 and that a significant correlation was not observed between cell density and salinity. Parsons and Preskitt (2007) found no significant correlation between cell density and salinity in Hawaii. In the present study, salinity ranged from 21.9 to 34.4 at three sampling stations in the temperate area of Japan. At these stations, a significant negative correlation was observed between cell density and salinity. Low salinities were observed during rainy and typhoon seasons in summer. If these low salinities were omitted from the analysis, the salinity ranged from 27.4 to 34.4 in the areas. Whereas significant correlations between cell density and salinity were not observed in tropical areas in the Pacific, as mentioned above, a significant negative correlation between cell density and salinity was observed in temperate areas in Japan. Considering these findings, it may be important to assess salinity as well as SST and Gambierdiscus cell densities over long periods to predict CFP occurrence in Japanese coastal waters.
It has been reported that SSTs in Tosa Bay have increased over the past 50 or 100 years, especially in the winter season (Haraguchi & Sekida 2008 , Japan Meteorological Agency 2013 . Until now, the low estimated incidence rate of CFP in Japan seems to be caused by low cell densities of Gambierdiscus in Japanese coastal areas due to low SSTs in winter. However, if SSTs in winter in the areas increase in the future because of global warm-ing, Gambierdiscus cell densities in the areas may also increase, resulting in an increased incidence rate of CFPs in Japan.
In terms of the distribution pattern of Gambierdiscus spp. in Japanese coastal shallow waters, previous studies (Nishimura et al. 2013 (Nishimura et al. , 2016 have reported that nontoxic Gambierdiscus sp. type 2 is dominant in temperate areas, whereas toxic Gambierdiscus australes Faust & Chinain and Gambierdiscus scabrosus T. Nishim., Shin. Sato & M. Adachi are dominant in subtropical areas. Consequently, regarding the occurrence ratio of each Gambierdiscus species/phylotypes in the macroalgal samples collected in the present study, the ratio of Gambierdiscus sp. type 2 was expected to be high in temperate areas, whereas those of G. australes and G. scabrosus were expected to be high in subtropical areas.
The present study examined Gambierdiscus cell densities and their seasonal population dynamics in shallow Japanese coastal waters (0.1-3 m depths). Recently, occurrences of Gambierdiscus have been reported in deep waters (<30 m) in Japanese coastal areas . Therefore, it is important to assess cell densities and population dynamics of each Japanese toxic/nontoxic Gambierdiscus species/phylotype, especially toxic species, not only in shallow waters but also in deep waters using the qPCR assay developed by Nishimura et al. (2016) to predict CFP occurrences in Japan.
